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The dynamical behavior of power dropouts in a semiconductor laser with optical feed-
back, pumped near threshold current, is strongly in uenced by quantum noise. This is
clearly demonstrated by experiments with modulations on the pumping current or the
feedback strength. For the cases without modulation and with only current modula-
tion, the dropouts occur randomly. However the feedback strength modulation locks the
dropout events periodically. By numerically modeling these three cases using the Lang{
Kobayashi equations with a stochastic term to take into account spontaneous emission
noise, it is shown that the observed behavior of the dropouts can be readily reproduced
for all three cases. Noise plays a signifcant role in explaining the observed dropout events.
A simple explanation of the observed dropout phenomenon is presented, based on the
adiabatic motion of the ellipse formed by the steady state solutions of the rate equations
due to slow time modulations of the injection current or the feedback strength.

PACS numbers: 05.40.Ca, 05.45.-a, 42.55.Px, 42.65.-k

1. Introduction

Deterministic chaos occurs in many systems which have irregular and complicated
behaviors. However, whether the complexity of a system is due to deterministic
chaos, a stochastic source, or a combination of both is sometimes not easy to dis-
tinguish. Among these systems, the power dropout phenomenon in semiconductor
lasers with optical feedback is a typical example for which the source of the ob-
served chaotic intensity time series has been discussed extensively.l{13 When a
solitary laser pumped very near threshold is subject to re ective feedback from a
distant mirror, the output intensity drops to almost zero (dropout), recovers to a
steady state output level gradually, and repeats this behavior at irregular intervals.
After decades of study, there are mainly two pictures of the phenomenon. The
rst one is a stochastic model suggested by Henry and Kazarinov? recognizing
the importance of quantum noise due to spontaneous emission in initiating the
dropouts. They considered small uctuations in intensity and phase about steady
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state values as a result of spontaneous emission and reduced the in nite-dimensional
delay di erential rate equations (Lang{Kobayashi equations) to an approximate
one-dimensional equation of motion in a potential well for the carrier number. A

rst-passage time problem was thus formulated and the dependence of the mean
time interval between dropouts on the feedback strength was estimated. This was
later experimentally veri ed for the operation of the laser near threshold.®'! In
their study, Henry and Kazarinov did not integrate the stochastic delay di erential
equations explicitly.

The second picture is of a deterministic nature and was carefully investigated
by Sano.* Instead of just using a linear analysis, he integrated the delay di erential
Lang{Kobayashi equations explicitly without noise. In the phase space spanned by
the population inversion and the external cavity round trip phase shift, the stable
external cavity modes and unstable \antimodes™ form an ellipse. As the injection
parameter is increased, the stable external cavity modes become unstable via a
Hopf bifurcation and then become chaotic through the quasi-periodic route. In the
absence of a noise source in the calculation, he explained the dropout phenomenon
as a collision between a chaotic attractor and the unstable \antimodes". This ex-
planation provides a detailed insight of the dropout. However, he neglected the
in uence of quantum noise.

In this paper, we show that the above two approaches have to be combined and
that noise plays an integral role in providing a quantitative understanding of the
observed dropout phenomenon in the solitary laser near threshold with feedback.
We show through a novel set of experiments, which involve modulating the pumping
current or the feedback strength, that the Lang{Kobayashi model with feedback
and spontaneous emission noise provides an excellent quantitative comparison with
observations for three di erent cases. For all three cases, namely (1) no modula-
tion of the pumping current or feedback strength, (2) sinusoidal modulation of the
pumping current'? only and (3) sinusoidal modulation of feedback strength only,
the role of noise is critical in modeling to obtain excellent agreement with the obser-
vations. Also a simple explanation of the observed dropout phenomenon based on
the adiabatic changes in the solutions on the ellipse in the parameter space spanned
by the population inversion and the external cavity round trip phase shift, caused
by the slow time modulation of the injection current or the feedback strength, is
presented.

2. Experimental Setup and Observations

In the experiment (Fig. 1), a temperature controller is used to stabilize (to better
then 0.01 K) a Fabry{Perot laser diode (Sharp LT015MD) with an anti-re ection
coating of approximately 10% re ectivity on one facet and a high re ection coating
on the other facet. The laser is pumped by a laser driver at the threshold current
of 56.6 mA. A coupler (Picosecond, model 5547 bias-tee) coupling an AC signal
on top of a DC signal is used between the laser driver and the diode. The light
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Fig. 1. Experimental setup.
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Fig. 2. Normalized intensity time series from experiment with sampling period of 800 ps with
(a) no modulation, (b) current modulation, and (c) feedback modulation.
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Fig. 3. Probability distribution function of the interval between two dropouts from experiment
with (a) no modulation, (b) current modulation, and (c) feedback modulation.

( = 830 nm) from the diode is collimated by a microscope objective and then
re ected by a mirror placed at a distance of 45 cm from the anti-re ection coated
facet. An acousto-optic modulator (AOM) (ISOMET model 1206c¢) is inserted in
the path of the re ected light to the laser. A beam splitter directs light onto a
photoreceiver (New Focus Model 1181, DC-125MHz bandwidth). The output of the
photoreceiver is recorded by a digital oscilloscope (Tektronix TDS7104). A 4 MHz
sinusoidal signal, which is comparable in frequency to the inverse of the average
dropout time interval without modulation, is fed to either the bias-tee to modulate
the current or the AOM to modulate the feedback strength.

Shown in Figs. 2(a), 2(b), and 2(c) are the three cases. The rst plot (a) shows
the intensity dropout phenomenon as a function of time without any modulation of
the pumping current or the feedback strength. The second one (b) is the same plot
for which only the pumping current is modulated. The last case (c) is for feedback
modulation only. The amplitude of the modulation is chosen such that the output
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intensity uctuation due to the modulation is about a quarter of the maximal
output intensity of the laserwith feedbad. In Fig. 2(a), power dropout events occur
irregularly due to the feedbadk. In Fig. 2(b), with current modulation, dropout
events are superposedon top of a sinewave (assaiated with the modulation). Here
the statistical behavior of the dropouts is not changedby the current modulation
(Fig. 2(b)) comparedto unmodulated case(Fig. 2(a)). This is clear through the
random occurenceof dropout everts in both casesHowever, for the caseof feedbad
modulation (Fig. 2(c)), the dropout events are locked to the sine wave and occur
only on the falling segmen of the wave, which corresponds to a reduction of the
feedbad strength.

In Fig. 3, we show the probability distribution functions (PDFs) of the interval
between consecutive dropouts for three cases.For the caseswithout modulation
(Fig. 3(a)) and with current modulation (Fig. 3(b)), the PDFs show that both
caseshave similar dropout statistics. The two broad peaksobsened in Figs. 3(a)
and 3(b) are most probably due to mode-hopping of the laser between two soli-
tary laser modes. Even in this case,current modulation appearsto have a very
small in uence on the distribution. But the PDF for the feedba& modulation case
(Fig. 3(c)) indicates the frequencylocking behavior by two clear peaks,the sharp
one corresponding to the interval betweentwo dropouts on one falling portion of
the sine wave, while the broader peak corresponds to the longer interval between
the dropouts on two consecutiwe falling phasesof the sine wave. As a consequence,
the statistical properties of the dropout events shav a marked di erence compared
to the two previous cases.Thus current modulation and feedba& modulation have
dramatically di erent e ects on the statistics of the dropout dynamics.

3. Numerical Mo del and Role of Noise

To understandtheseobsenations quartitativ ely, we integrated the Lang{Kobayashi

equations given below®
r__
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using a standard fourth order Runge{Kutta method. Here E(t) is the complex
eld; n(t) (N(t) Nu) isthe dierence betweenthe carrier number at arbitrary
time and the threshold carrier number Ny, = 3:9 108, = 5 s the linewidth
enhancemen factor; G0 = 21400s ! and ro = 0:32 are the dierential gain
and facet power re ectivit y of a laser with uncoated facet, respectively; r = 0:1

is the facet power re ectivit y of a laser with an anti-re ection coating; = (1
r(R=r)1=2=;, is the feedbadk rate, where R = 0:05 is the external mirror power
reectivity, in = 3:9 psis the solitary laser pulse round trip time; = 3:0 ns

is the external cavity round trip time; ! o is the solitary laser frequency; Fg (t) is



